We report cell-to-cell movement of mitochondria through a graft junction. Mitochondrial movement was discovered in an experiment designed to select for chloroplast transfer from Nicotiana sylvestris into Nicotiana tabacum cells. The alloplasmic N. tabacum line we used carries Nicotiana undulata cytoplasmic genomes, and its flowers are male sterile due to the foreign mitochondrial genome. Thus, rare mitochondrial DNA transfer from N. sylvestris to N. tabacum could be recognized by restoration of fertile flower anatomy. Analyses of the mitochondrial genomes revealed extensive recombination, tentatively linking male sterility to orf293, a mitochondrial gene causing homeotic conversion of anthers into petals. Demonstrating cell-to-cell movement of mitochondria reconstructs the evolutionary process of horizontal mitochondrial DNA transfer and enables modification of the mitochondrial genome by DNA transmitted from a sexually incompatible species. Conversion of anthers into petals is a visual marker that can be useful for mitochondrial transformation.
grafting | horizontal gene transfer | mitochondria | plastid | tobacco H orizontal gene transfer (HGT), the acquisition of gene(s) across species mating boundaries, results in a phylogeny of the transferred gene(s) that is incongruent with the phylogeny of the organism. In flowering plants, HGT is relatively rare in the nucleus, but frequently involves mitochondrial DNA (mtDNA); for reviews see refs. 1-3. Pioneering papers described HGT of several mitochondrial genes (4) (5) (6) and, in an extreme case, incorporation of six genome equivalents in the 3.9-Mb Amborella trichopoda mtDNA (7) . These findings imply that mechanisms exist for DNA delivery between unrelated species. Parasitic plants are frequent participants in HGT, either as donors (8, 9) or recipients (5) of foreign DNA; the DNA exchange between the host and parasite is probably facilitated by the physical connection (for review, see ref. 3) . HGT between nonparasites, however, necessitates alternative modes of DNA transfer. Transfer via vectoring agents such as viruses, bacteria, fungi, insects, and pollen; transformational uptake of plant DNA released into the soil; and occasional grafting of unrelated species were proposed (6) . The first experimental evidence in support of grafting as a potential mechanism of HGT came from demonstrating exchange of plant DNA in tobacco tissue grafts (10) . Movement of entire chloroplast genomes was subsequently demonstrated through tobacco graft junctions, interpreted as evidence for cell-to-cell movement of the organelles (11, 12) . However, evidence for cellto-cell movement of mitochondrial DNA is missing in plants despite the fact that the majority of horizontal gene transfer events involve mitochondrial sequences.
We report here an experimental system for the successful identification of a rare mitochondrial HGT event. Replacing the cytoplasm of Nicotiana tabacum with the cytoplasm of Nicotiana undulata makes the flowers of N. tabacum male sterile due to conversion of anthers to stigmatoid petals (Fig. 1 D-G) . Such N. tabacum plants are called alloplasmic substitution lines for carrying an alien cytoplasm and are cytoplasmic male sterile (CMS) because they inherit male sterility only from the maternal parent (13) . We reasoned that movement of Nicotiana sylvestris mitochondria into CMS cells should restore anther morphology and pollen production, a change that is easy to detect in plants even if restricted to a few flowers.
We looked for cell-to-cell movement of mitochondria in stem grafts of two species, N. tabacum and N. sylvestris. We first selected for the nuclear marker from N. tabacum and the chloroplast marker in N. sylvestris and regenerated plants from double-resistant tissue derived from the graft junction. We identified branches with fertile flowers on one of the regenerated plants, indicating presence of fertile mtDNA in the otherwise CMS plant, and analyzed the mtDNA of its fertile and CMS seed progeny. Recombination at alternative sites in the mitochondrial genome facilitated the identification of a candidate mitochondrial gene responsible for homeotic transformation of anthers resulting in CMS.
Results
Plastid Graft Transmission Events. The CMS N. tabacum graft partner (Nt-CMS) carried a nuclear gentamycin resistance gene (14) . The fertile N. sylvestris (Ns-F) graft partner carried two plastid markers: a selectable spectinomycin resistance aminoglycoside-3″-adenylyltransferase (aadA) gene and the visual aurea bialaphos resistance (bar au ) leaf color gene (15) (Fig. 1A) . The two Nicotiana species were grafted (Fig. 1B) , the graft junctions were sliced, and resistant shoots from the tissue slices were selected in culture for gentamycin resistance encoded in the nucleus of the CMS N. tabacum graft partner, and spectinomycin resistance encoded in the plastids of the fertile N. sylvestris graft partner. Three clones with resistance to both antibiotics were recovered in the culture of 14 graft junctions (Fig. 1C) . The events were designated GT7, GT17, and GT19. The identity of plastids as N. sylvestris in the regenerated plants was confirmed by DNA gel blot analyses of all three lines and sequencing the plastid genome of the GT19-C line (SI Appendix, Fig. S1 ). The regenerated plants carried only the chromosomes of N. tabacum, the graft partner carrying
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1518644113/-/DCSupplemental. the nuclear gentamycin resistance gene (SI Appendix, Fig. S2 ). Therefore, selection for the nuclear marker in N. tabacum and chloroplast marker in N. sylvestris yielded N. tabacum plants with chloroplasts from N. sylvestris, without input of N. sylvestris chromosomes.
From the three double-resistant calli, eight plants were regenerated: GT7-A and GT7-C from callus GT7; GT17-B, GT17-C, and GT17-G from callus GT17; and GT19-A, GT19-B, and GT19-C from callus GT19. All but one had CMS flowers. The GT19-C plant was chimeric, with fertile flowers on two of the four branches, suggesting cotransmission of fertile mitochondria with the N. sylvestris chloroplasts (Fig. 1E) . We found three types of flowers on the GT19-C plants: CMS with petaloid-stigmatoid anthers (Fig. 1F) , fertile anthers with ample pollen (Fig. 1H ), and intermediate with partial conversion of anthers into petals (Fig. 1G) . Seeds from fertile flowers were obtained by self-pollination. Seed from sterile flowers was obtained by pollination with wild-type N. tabacum pollen. Fertile or CMS phenotype of the GT19-C seed progeny was stably maintained through three seed generations.
Recombination of Mitochondrial DNA. Next, we looked for DNA evidence of mitochondrial movement through the graft junction. We chose N. tabacum plants with undulata cytoplasm as one of the graft partners because the plastid DNA (ptDNA) of N. tabacum and N. undulata differ by 918 ptDNA markers (805 SNPs and 113 short indels) (11), and we expected the mitochondrial DNA to be similarly divergent. Plant mitochondria continuously undergo repeated cycles of fusion and fission (16); therefore, we expected to find recombinant mitochondrial genomes. We tested 24 polymorphic sites in the 430-kb mitochondrial genome (SI Appendix, Table S1 ). The flower morphology and mtDNA markers of the GT7 (A and C) and GT17 (B, C, and G) plants were N. undulata type. Plants derived from the third event, GT19-A, -B, and -C had chimeric mitochondrial genomes with 8 markers derived from the fertile and 16 from the CMS mitochondria (Fig. 2) . However, the mtDNA in the fertile and sterile branches could not be distinguished by the 24 markers.
To identify the region of the mitochondrial genome responsible for fertility restoration, we assembled the complete mitochondrial genome of N. sylvestris (GenBank KT997964), and mitochondrial contigs of N. undulata and two fertile and two sterile first seed generation GT19-C progeny (Fig. 3) . The 279-kb sequence conserved between the N. sylvestris and N. undulata mitochondrial genomes differ by 977 DNA polymorphic markers (SI Appendix, Table S2 ) and encode all genes present in the N. sylvestris mtDNA. The only exception is trnE, a gene encoding tRNA-UUC of plastid origin (246,982-247,053, GenBank NC_006581). However, a mitochondrialderived trnE gene encoding tRNA-UUC is present in the N. undulata mtDNA. Plotted along the N. sylvestris genetic map in Fig. 3 is the origin of mtDNA in the recombinant mitochondrial genomes. The mtDNA in the plants is apparently mosaic, consisting of segments of N. sylvestris and N. undulata mtDNA. The N. sylvestris and N. undulata SNPs are symbolized by red and blue dots, respectively. The crossover sites are not always identical in the recombinant mitochondrial genomes. For example, both the fertile and sterile lines have N. undulata mtDNA at the beginning of the map, but the fertile lines have one N. sylvestris SNP at nucleotide 2,246 (Fig. 3) . Based on the switching of red and blue dots in the alignment, the recombinant fertile 1 and fertile 2 (RF1 and RF2) and recombinant sterile 3 and sterile 4 (RS3 and RS4) mitochondrial genomes contain at least 65, 63, 57, and 58 crossover sites (Fig. 3) . Five recombination junctions have been PCR amplified and confirmed by Sanger sequencing (SI Appendix, Fig. S4 ).
Expression of orf293 Correlates with Homeotic Conversion of Anthers.
Recombination of mitochondrial genomes at alternative sites facilitated the identification of the region likely to be responsible for CMS that manifests as homeotic conversion of anthers into stigmatoid petals in N. tabacum (Fig. 1D) . Sequence alignments revealed that a 3.5-kb region correlates with male sterility: the two recombinants with sterile flowers carried the N. undulata sequence and the N. sylvestris sequence, whereas the fertile recombinants had the cognate region from N. sylvestris alone (CMS-associated region in Fig. 3 ). Adjacent to the shared region is a 1.2-kb N. undulata-specific sequence encoding orf293 (Fig. 4A) . RNA gel blot analyses confirmed that orf293 mRNA accumulates in CMS N. tabacum and sterile recombinants, but is absent in fertile N. tabacum and the fertile recombinants (Fig. 4B) . The orf293 transcript is also absent in fertile N. undulata plants, the source of the cytoplasm, although the orf293 gene is present in the mitochondrial genome (SI Appendix, Fig. S3 ) (GenBank KU180495-KU180498). Absence of sterility-causing mitochondrial transcripts is expected when a nuclear fertility restorer gene is present (17, 18) . The predicted protein encoded by orf293 has three transmembrane domains based on the TMHMM transmembrane protein topology program (19) . Transmembrane domains are characteristic of sterility-causing mitochondrial genes (17, 18) . The flower phenotype of plants carrying orf293 in mitochondria depends on the nuclear background: in N. tabacum the anthers are petaloid, or petaloidstigmatoid (Fig. 1D) ; in N. sylvestris, the anthers are converted into stigmatoid structures (11) . Based on the flower phenotype, we tentatively named orf293 "homeotic conversion of anthers" (hca) gene.
Discussion
Fate of Organelles After Cell-to-Cell Movement. Part of the graft healing process is reconstitution of plasmodesmatal connections (20, 21) (Fig. 5 ). Plastids and mitochondria meet strikingly different fates subsequent to movement from cell to cell in the graft junction. Thus, far when cell-to-cell movement of plastids was observed, the entire selected plastid genome was recovered, rather than a ptDNA fragment comprising the selected marker. Absence of recombination between the plastid genomes suggested movement of intact organelles rather than naked, fragmented DNA (11, 12) . Indeed, chloroplasts rarely fuse (22) , precluding recombination that enables new combinations of chloroplast genes.
Reconstruction of events that leads to formation of chimeric mitochondrial genomes in cells adjacent to graft junctions is complicated by the propensity of mitochondria for fusion (16, 23, 24) . The mtDNA may move as naked DNA, or inside an organelle, but when heterologous mitochondrial genomes are present in a mixed cytoplasm, the mtDNA recombines (25) (26) (27) . We favor movement of mitochondria as the more likely explanation because the incoming mtDNA is protected inside the organelle, mitochondrial fusion is frequent, and the recombinant genomes carry significant amounts of parental sequences scattered throughout the genome. Because tobacco mitochondria contain 40-160 mtDNA copies in 500-600 organelles per cell (28), recombination may take place among multiple mtDNA copies, yielding alternative recombination products. Alternative recombination in our case yielded fertile and CMS mitochondrial genomes, facilitating the identification of orf293 as a likely CMS (hca) gene. Graft transmission of mitochondria reported here provides a mechanism for horizontal transfer of entire genomes via mitochondrial fusion, which was postulated in evolutionary studies of horizontal gene transfer in mitochondria (7).
Identification of a Tentative CMS Gene in Recombinant Mitochondria.
Orf293 was identified as the tentative CMS gene by linkage to a region derived from N. undulata in the sterile recombinants. Orf293 in N. undulata is adjacent to the ATP synthase F1 subunit 1 (atp1) gene (Fig. 4A) . In N. sylvestris and the fertile recombinants the atp1 gene is at a different genomic location. The sterile recombinants carry two atp1 copies: one in the N. sylvestris context (atp1-1) (KU180498) and one linked to orf293 (atp1-2; as in N. undulata) (KU180496 and KU180497) (Fig. 4A) . Apparently, at the time of the interspecies mitochondrial fusion, mtDNA carrying both atp1 copies was present. The fertile recombinants formed when orf293 and the linked atp1-2 was lost. Most other parts of the mitochondrial genome are products of homologous recombination with clearly identifiable parental genome segments, where homologous recombination was followed by genome sorting that resulted in preservation of only one of the parental alleles. The exception is the atp1 gene, which has been preserved in both parental genome configurations. The differences between the two atp1 copies are silent mutations that do not involve predicted edited sites (PREP-mt) (29) . We therefore believe that CMS is not caused by atp1 coding sequence SNPs in our experimental system. The predicted ORF293 protein is similar to the predicted protein product of mitochondrial ORF312 present in the alloplasmic CMS eggplant (Solanum melongena, carrying the cytoplasm of S. kurzii) (GenBank AB762696) (30) and to sequences in the pepper mitochondrial genomes, where the sequences are split (GenBank KJ865410; KJ865409). The region of N. undulata mitochondrial genome carrying orf293 is rearranged relative to the N. sylvestris mitochondrial genome. Still, the rearranged region integrated into the chimeric mitochondrial genomes by homologous recombination preserving either the CMS or fertile mtDNA structure. Thus, nonhomologous end joining, the driving force behind mtDNA rearrangement during evolution, is not involved in the formation of mosaic mtDNAs (31, 32) . The rearranged mitochondrial genomes were stable for at least three seed generations.
Applications in Biotechnology.
Grafting is a versatile approach that enables recovery of plants with: (i) chloroplasts of the graft partner without the transfer of mitochondria and nuclei (11, 12) ; (ii) the transfer of both chloroplasts and mitochondria in the absence of any nuclear DNA input (this paper); and (iii) the formation of nuclear hybrids with input of all organelles (33). Table S1 . Fig. 3 . The mitochondrial genome of the GT19-C seed progeny is a mosaic of the two graft partners. We aligned the parent-specific SNPs in two fertile and two CMS recombinants using the N. sylvestris mtDNA as reference. Red and blue dots identify N. sylvestris-and N. undulata-specific SNPs, respectively. These data representations account for all N. sylvestris genes and exclude sequences unique to N. undulata (und). Deletions in the N. undulata mtDNA are shown as numbered black bars (SI Appendix, Table S5 ). N. sylvestris sequences absent in N. undulata and present in the recombinant progeny are red lines. The mitochondrial repeats are marked as R1, R2, and R3. The blue bar marks the CMS-associated region between nucleotides 389,706 and 393,005. The gene map was created using the Organellar Genome Draw program (49) based on the N. sylvestris mtDNA annotation (KT997964).
Cell-to-cell movement of mitochondrial DNA reported here provides an alternative to transformation of mitochondria by naked DNA that has thus far remained elusive (34) . An economically important mitochondrial trait that would be a prime target for incorporation by grafting is CMS, simplifying production of hybrid seed (17, 18) . CMS transfer by graft transmission is feasible between graft-compatible species, even if they are sexually incompatible. An example would be transfer of CMS-encoding DNA from tobacco to tomato. Tomato is graft compatible with tobacco (35) and currently lacks CMS. The advantage of the graft transmission protocol is that mitochondrial DNA segments, rather than entire mitochondrial genomes, can be transferred in the absence of transferring chromosomal DNA, thereby minimizing nucleus-mitochondrial incompatibility. Furthermore, the orf293 (hca) gene provides a visual marker that can be useful for mitochondrial transformation.
Materials and Methods
Plant Material. The graft partners were Nt-CMS (Nt-CMS92), a N. tabacum cv. Petit Havana line (15) that carries the cytoplasm of N. undulata and was transformed with Agrobacterium binary vector pPZP221 (14) yielding gentamycin-resistant line Nt-G115 and Ns-F, a fertile Nicotiana sylvestris line, the plastids of which have been transformed with plasmid pCK2 (Ns-pCK2-2) encoding a selectable spectinomycin resistance (aadA) and the visual bar au genes (15) . Seeds of N. undulata TW145 (PI 306637), TW146 (PI 555575), and TW147 (PI 306637) were obtained from the US Department of Agriculture, Agricultural Research Service National Plant Germplasm System (sun.ars-grin.gov/npgs/). Grafting and selection of graft plastid transmission events was carried out as described (11) .
Chromosome Identification by Simple Sequence Repeat Markers. Total cellular DNA was isolated using the cetyltrimethylammonium bromide (CTAB) method (36) . The simple sequence repeat (SSR) markers were adopted from ref. Restriction Fragment Analyses of ptDNA. CTAB purified (36) total cellular DNA was digested with the BamHI restriction enzyme and probed with rrn16, aadA, and bar probes (39) . Blots were prepared as described (40) .
Next Generation Sequencing of Organellar Genomes. To determine organelle genome sequences, next generation sequencing (NGS) was performed in the Waksman Genomic Core Facility. Briefly, CTAB purified total cellular DNA (36) was physically sheared with the Covaris system (Covaris) following the manufacturer's protocol. Sequencing libraries were prepared using the standard TruSeq DNA Library Preparation Kit (Illumina) according to the manufacturer's protocol. Libraries were size selected at 650 bp with the Egel Agrose Electrophoresis System (Thermo Fisher Scientific) and quantified using the Qubit dsDNA HS (High Sensitivity) Kit (Thermo Fisher Scientific). Finally, libraries were evaluated for fragment size using the Bioanalyzer (Agilent Technologies). Library normalization and sequencing was performed according to the manufacturer's recommendations with MiSeq v3 (2 × 300 bp) chemistries. Adapters and barcodes were trimmed per the default setting in the Illumina Experiment Manager (v1.8).
GT19-C Plastid Genome Assembly. The Burrows-Wheeler Alignment Maximal Exact Matches (BWA-MEM) algorithm using default settings (41) was used to map adapter-free quality trimmed reads from four GT19-C offspring, recombinant fertile RF1 and RF2 and recombinant sterile RS3 and RS4, to the N. sylvestris ptDNA (NC_006500). Mapped reads were used to create de novo contigs using the ABySS program, using the paired-end (abyss-pe) option with a k-mer of 90 (42) . NC_006500 was used as a guide to map and orient contigs in SeqMan Pro (DNASTAR) to obtain the complete ptDNA sequence. The plastid DNA sequence of the four GT19-C offspring was identical. The mVISTA alignment in SI Appendix, Fig. S1 (43) was prepared using the N. sylvestris ptDNA (NC_007500) as reference with a 300-bp sliding window.
mtDNA Mapping and Contig Assembly. Adapter-free, quality trimmed reads were mapped to the N. tabacum mtDNA (NC_006581), Hyosciamus niger (KM207685), and two Capsicum annuum cultivars (NC_024624, KJ865409) mtDNAs using the BWA-MEM algorithm, and default settings (41) . All mapped reads and their pairs were used to create de novo contigs with the ABySS program v1.9 using the paired-end (abyss-pe) option with a k-mer of 96 (42) . N. undulata mitochondrial SNPs were called by the GATK HaplotypeCaller program (44-46) using the BAM file obtained from BWA mapping with default parameters. SNPs and indels called by GATK were filtered, keeping only SNPs with ≥80% SNP ratio and a minimum of 30× coverage in N. undulata. The origin of regions in the seed progeny was assigned by SNPs in the de novo contigs.
RNA Gel Blot Analysis. Total cellular RNA was isolated from leaves of greenhousegrown plants using TRIzol (Invitrogen) and dissolved in 20 μL diethylpyrocarbonate (DEPC) water. The isolated RNA was precipitated by adding 2 μL 3M sodium acetate (pH 5.2) and 66 μL 100% ethanol (1 h at −20°C). RNA was sedimented by centrifugation, washed with 75% ethanol, air dried, and dissolved in 22 μL DEPC water. A total of 3 μg RNA was electrophoresed on 1.5% agarose/formaldehyde gel (6% of 37 wt/vol % formaldehyde) in Mops buffer (47) . RNA was transferred to Amersham Hybond-N membranes (GE Healthcare) using capillary transfer. Probes were PCR fragments amplified using total cellular DNA as template, using primers listed in SI Appendix, Table S4 . Probing was carried out as described (40) .
